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Abstract
The effect of dipole-dipole interactions of free electrons on the spectral characteristics of simple metals and their nanoparticles is
analyzed using Drude theory and the model of the Lorentz local field. It is established that accounting for the dispersion of a local
field under conditions of one-dimensional (1D) confinement based on the optical constants of the bulk metal allows the
determination of its spectral micro-characteristics in the frequency region of the longitudinal collective motions of the free
electrons. This corresponds to the spectra of the dielectric losses of bulk plasma oscillations. A similar procedure for threedimensional (3D) confinement produces the spectrum of dielectric losses at the frequency of localized plasma oscillations. Using
a number of simple metal examples, viz., Li, Na, and K, and also Al, Be, and Mg, it is shown that the frequencies of volume and
localized plasma oscillations obtained from a model of dispersion of the local field in the long-wave limit are in good agreement
with the actual frequencies of the plasma oscillations of the corresponding metals and the absorption maxima of their nanoparticles with a radius of 2–20 nm. It is shown that the frequencies of the main mode of longitudinal plasma oscillations and the
absorption frequency of localized plasmons are well described using the dynamic theory of crystal lattice vibrations.
Keywords Bulk plasma oscillation . Localized plasmon . Metal nanoparticles . Local-field effect

Introduction
The optical properties of metals and their nanoparticles currently attract much attention due to the rapid development of
plasmonics, a new and promising field of applied physics and
nanotechnology [1–5]. The possibility of excitation of localized
plasmons in nanoparticles of Au, Ag, Cu, Al, and other metals
is of great practical interest for obtaining media with unique
optical properties [3] and the development of novel plasmonic
devices [6–9]. The plasmonic properties of noble metals (NMs)
such as Au and Ag and to a lesser extent, Cu, which possess a
localized plasmonic resonance in the visible range, have been
investigated very actively over the last three decades, both theoretically and experimentally. These investigations, together
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with many thousands of original journal papers, have been
summarized in numerous books and review articles, for example, [1–12]. This is because the NMs, in particular Au and Ag,
have been used technologically in a variety of applications.
These include medical diagnostics and therapeutics technologies [13–15], drug delivery [16], manipulation of light for photovoltaics and solar energy technologies [6, 17], extreme UV
lasers [18], and modern topic nowadays—magneto-plasmonic
nanoantennas [19]—among others.
A deeper understanding of the nature of the formation of
the complex dielectric function of the metal, ε(ω), remains an
important requirement for further progress in creating new
metamaterials [3]. At present, the optical properties of metals
and data on their dielectric function over a wide spectral region are available for an increasing number of metallic media
[20–22]. An understanding of the impact of free and bound
electrons on the optical characteristics of metals is a necessary
condition for minimizing dielectric losses in waveguides, resonators, solar cells, and other plasmonic devices [1–3].
In this paper, using Drude theory and Lorentz’s local
field model, as well as the results from the theory of
dipole-dipole interactions, an analysis is made of the effect of free electrons on the spectroscopic characteristics
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of simple metals and their nanoparticles in the frequency
range of volume and localized plasma oscillations. The
results indicate that the interactions of free electrons in
simple metals can be described using the theory of
dipole-dipole interactions while accounting for the dispersion of the local field in a condensed medium. It is shown
that the maxima of the dielectric loss spectra of Li, Na,
and K, as well as Al, Be, and Mg, in the spectral region of
bulk and localized plasmons, calculated using the Lorentz
field from the optical constants of the bulk metal, as well
as the dynamic theory of the crystal lattice and the influence of dipole-dipole interactions, are in good agreement
with known values of the plasma frequencies of these
metals and the absorption maxima of the corresponding
spherical nanoparticles with dimensions much smaller
than the wavelength. The absorption maxima were obtained from Mie theory calculations and from experimental
data on the absorption spectra of spherical nanoparticles.

collective longitudinal vibrations of free electrons. It is the
most important parameter of the Drude expression for the
complex dielectric permittivity of a metal
εintra ðωÞ ¼ 1 þ

Drude-Lorentz Model
The optical response of a metal to an external electromagnetic field is largely due to the motion of free electrons within the crystal structure of the metal. In the
Drude model, describing a metal as a vibration of a free
electron gas filling the space around a positively
charged ion core, these electrons move freely in the
crystal lattice without any restoring force. This corresponds to the fact that the resonance frequency of an
individual electron is zero. The electron gas experiences
longitudinal plasma oscillations, which are collective
displacements of the elementary volume of the electron
gas as a whole with respect to the positive ion background. This displacement creates an electric field E =
4πNex, acting as a restoring force, which is neutralized
by fields induced by the polarization of the medium due
to Coulomb dipole-dipole interactions. The equation of
motion of a unit volume of an electron gas in this case
has the form [23]
d2x
þ ω2p x ¼ 0;
dt 2

ð1Þ

where ωp = (4πNe2/m)1/2 is the plasma frequency.
This equation has the same form as the equation of motion
of a harmonic oscillator with an eigen, or intrinsic, frequency
ωp. So, the consideration of the interactions of free electrons in
a metal with an electromagnetic field E(ω) using the Lorentz
oscillator model is completely justified. The frequency ωp,
known as the plasma frequency, is the frequency of the

þ iγωÞ

;

ð2Þ

where γ is the damping constant, which takes into account the
frequency of collisions of the electrons.
So, further consideration of the interactions of free electrons in a metal with an electromagnetic field E(ω) using the
Lorentz oscillator model is fully justified. It should be noted
that the effect of interband transitions as well as the ionic
lattice of a metal in the Drude model is not taken into account.
The contribution of interband transitions and the influence of
the ion core can be considered by introducing an additional
term in Eq. (2), which, in a typical Lorentz oscillator, has the
form
εinter ðωÞ ¼ ∑

Theoretical Considerations

ω2p
ðω 2

F i ω2i
2
ðωi −ω2 −iωΓi Þ

ð3Þ

where ωi is the resonant frequency of the ith interband transition, and Fi and Γi are the strength of the oscillator and the
damping coefficient respectively.
A general expression for the spectrum of the dielectric
function of the metal can then be represented as the DrudeLorentz relation
ε ð ωÞ ¼ ε ∞ −

ω2p
ðω2 þ iγωÞ

;

ð4Þ

where ε∞ takes into account the contribution of highfrequency interband transitions, described by Eq. (3). It should
be noted that in the Drude-Lorentz free-electron model it is
assumed that the local field acting on the electron is equal to
the mean field in the metal Eloc(ω) = Eav(ω). The influence of
the ionic lattice in this case is considered as a homogeneous
background of the positive charge, and the heterogeneity of
the lattice potential is not taken into account. Thus, considering the band structure of the metal only requires the replacement of the electron mass m by its effective value m*.
The periodicity of the ionic structure, however, leads to
an inhomogeneity of both the ion potential and the potential of the free electrons. In this regard, even the local
effective field, Eeff(ω), averaged over the cell of the crystal
is not equal to the average macroscopic field, Eav(ω) [24].
The first attempt to use the local field correction in the
analysis of the effect of Coulomb dipole-dipole interactions on the spectroscopic characteristics of noble metals
and their nanoparticles was undertaken in Ref. [25]. We
shall now consider the results of correcting the local field
with reference to the spectra of simple metals in the region
of the volume plasma oscillation frequencies.
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Accounting for the Dispersion of the Local Field
in a Condensed Medium

where ε(ω) = ε1(ω) − iε2(ω) is the complex dielectric permittivity of the medium at a given frequency. With metals where
the localization of electrons is absent, Eq. (5) characterizes the
average local field in the microvolume of the electron gas
created by the external field and the fields of the surrounding
charges formed by a neighboring electron cloud and an ion
lattice. Equation (5) is the basis of the effective local field
method used in this paper. This method, proposed by the authors of Ref. [26] more than half a century ago, turned out to
be convenient for analyzing the influence of dipole-dipole
interactions on the absorption spectra of various condensed
media. It is based on a comparison of the absorption spectrum
or dielectric loss spectrum of a condensed medium ε2(ω) and
its microscopic analogue εmic
2 ðωÞ calculated in accordance
with the expression

of fundamental lattice vibrations, see, for example, Ref. [31].
In this case, the frequency of the maximum of the spectrum,
εmic
2 ðωÞ; corresponds to the frequency of the fundamental
mode of the oscillations of the microregion of a crystal much
larger than the lattice constant, but much smaller than the
wavelength of the probing radiation. The frequency in question is near the frequency, ωF, satisfying the Fröhlich’s condition [32], namely ε1(ωF) = − 2 and agrees with the intrinsic
frequency of the lattice vibrations calculated from the elastic
constants of the crystal. The data obtained shows that Eq. (6)
characterizes the spectrum of dielectric losses of a spherical
particle of a condensed medium with a diameter d << λ, with
its own spectral characteristics.
The general nature of the concepts considered is confirmed
by results from an analysis of the influence of dipole-dipole
interactions on the plasmon absorption spectra of noble metal
nanoparticles and their colloidal solutions [25, 33]. Thus, in
the case of Au, Ag, and Cu [25], the frequencies of the calculated spectra εmic
2 ðωÞ are close to the frequency maximum of
the absorption spectra of the corresponding nanoparticles with
a radius of 2–30 nm. The frequencies are also in good agreement with estimates from the theory of dipole-dipole interactions. It should be noted that Eq. (7) corresponds to the limiting case of 3D dielectric confinement, when the dimensions of
the condensed medium decrease to a sphere with a diameter
much less than the wavelength. In the general case of 1D, 2D,
and 3D confinement, Eq. (7) can be expressed in the following
form [30];

εmic
2 ðωÞ ¼ ε2 ðωÞθðωÞ;

θ m ð ωÞ ¼

In the model of a harmonic oscillator under a local field in a
condensed medium (Eloc), a complete microscopic field is
assumed at the point where the oscillator is located, minus
the field created by it. The field Eloc, the local Lorentz field
acting on a separate oscillator due to all other oscillators in the
system, is related to the average macroscopic field (E) in the
given medium by the relationship.
E loc ðωÞ ¼ E ðωÞ

½εðωÞ þ 2
;
3

ð5Þ

ð6Þ

where θ(ω) is the local field correction factor whose spectral
behavior as determined by the Lorentz model is described as
θðωÞ ¼

9
jεðωÞ þ 2j2

:

ð7Þ

Using the correction above allows one to obtain the spectrum εmic
2 ðωÞ from which the influence of the optical polarization of the condensed medium or, in other words, the contribution of dipole-dipole interactions in the frequency region of
the resonance under consideration is excluded. By comparing
the frequencies and intensities of the spectra ε2(ω) and
εmic
2 ðωÞ, we can draw conclusions about the role of dipoledipole interactions in the case under consideration. The utility
of the method has been demonstrated during the analysis of
the spectral characteristics of various condensed media in
Refs. [27–30]. It should be noted that the applicability of the
considerations above is not limited to molecular crystalline,
liquid, and amorphous media, where the absorbing centers can
be regarded as a set of individual oscillators.
Another important example is the calculation of the microcharacteristics of alkali-halide crystals in the frequency range

1
j1 þ ðεðωÞ−1Þ=mj2

;

ð8Þ

where m = 1, 2, and 3, respectively. As will be shown below,
one-dimensional confinement corresponds to losses at the frequency of the longitudinal optical vibrations of the condensed
medium under consideration.

Longitudinal Vibrations in Condensed Medium
The longitudinal oscillations of electrons in a metal are
analogous to the longitudinal optical vibrations of a lattice of alkali-halide crystals [34]. In this case, the splitting of longitudinal (LO) and transverse (TO) optical
modes due to long-range Coulomb dipole-dipole interactions [35] is observed in the IR spectra of these crystals. The effect of optical polarization and the consequent dipole-dipole interactions generates opposite shifts
in the frequencies of the longitudinal ωLO and transverse
ωTO optical vibrational modes relative to the intrinsic
frequency of the oscillations of the crystal ω0, also
known as the bare frequency.
As noted above, this frequency corresponds to the maximum of the spectrum, εmic
2 ðωÞ, obtained for 3D confinement.
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For 1D confinement, the frequency of the spectrum, εmic
2 ðωÞ;
coincides with the frequency of longitudinal vibrations (ωLO)
and corresponds to the spectrum of a thin film with thickness d
<< λ and with the external field strength vector E(ω) perpendicular to its plane. The influence of dipole-dipole interactions
on the frequency shifts of longitudinal and transverse oscillations is well described using the theory of collective excitations and the dynamical theory of crystal lattice vibrations.
According to Born and Huang [35] and Bonneville [36], the
corresponding expressions for the frequencies of the transverse νTO and longitudinal νLO modes have the form

 
1=2
Nf e2 ε∞ þ 2
ν TO ¼ ν 20 −
∙
3πc2
3



1=2
2N f e2 ε∞ þ 2
2
ν LO ¼ ν 0 þ
∙
3πc2
3ε∞

ð9Þ
ð10Þ

where ν0 is the frequency of the microscopic oscillator
(the intrinsic frequency of the lattice vibrations in the
absence of the medium’s polarization effect) per centimeter, f is the strength of the microscopic oscillator, e is the
charge of the electron, c is the speed of light, and N is
the number of ion pairs per cubic centimeter. We will use
the wavenumber ν, as used in molecular spectroscopy,

instead of ω below, but will continue to refer to it as
frequency, measured per centimeter and related to ω as
ν = ω/2πc. As shown earlier, the force of the microscopic oscillator is determined by the integrated intensity of
the corrected spectrum εmic
2 ðν Þ as


2mc2 max mic
ν 3D ∫ε2 ðν Þdν:
ð11Þ
f ¼
N e2
Where ν max
3D is the frequency of the maximum of the
spectrum εmic
2 ðν Þ, calculated under 3D confinement.
Equations (9) and (10) are a good description of the
shift in the transverse and longitudinal modes with respect to the intrinsic vibration frequency of the crystal
and, accordingly, the total LO-TO splitting [35, 36].
According to the Drude model for the metal, the resonance frequency of the transverse vibrations of free electrons νTO is zero. Equation (9) is transformed into a form
that coincides with the expression for the shift (Δνdyn) of
the maximum of the macroscopic spectrum εbulk
2 ðωÞ relative to the intrinsic frequency of the microscopic oscillator ν max
3D due to the effect of the medium polarization
from the theory of dipole-dipole interactions. This shift,
as shown in [25], actually coincides with the value of the
intrinsic frequency, i.e., Δνdyn = ν0

Fig. 1 Calculated spectra εmic
2 ðν Þ for 3D confinement (blue line) and for 1D confinement (red line) for a Li, b Na, c K, and d Al
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2  Nf e2 
31=2
3πmc2 ðε∞ þ 2Þ
5
ν0 ¼ 4
3

ð12Þ

From Eqs. (11) and (12), it follows that ν0 can be
expressed as


2ν max
3D ðε∞ þ 2ÞI 3D
ν0 ¼
9π

1=2
;

ð12aÞ

where I 3D ¼ ∫εmic
2 ðν Þdν .
From Eqs. (9) and (10), it also follows that the frequency of
the longitudinal mode can be represented in the form

ν LO ¼

3ν 20 ðε∞ þ 2Þ
3ε∞

1=2
ð13Þ

It is straightforward to see that when the value of the background dielectric permittivity is close to unity (ε∞ ≈ 1), Eq.
(13) coincides with the relationship between the plasma volume frequency νP and the frequency of the localized plasmon
for the spherical particle, νS [5, 37]

ν P ¼ 3ν 2S

1=2

pﬃﬃﬃ
¼ ν S 3:

ð14Þ

Expressions (12) and (13) were used in the analysis of the
dielectric loss spectra εmic
2 ðν Þ of a number of simple metals
calculated using the expressions (6) and (8) for 3D (denoted as
mic
εmic
2 ðν 3D Þ ) and 1D (denoted as ε2 ðν 1D Þ ) confinement, i.e.,
for the cases of m = 3 and m = 1 in Eq. (8). For these calculations, data for the optical constants (n(ν) and k(ν)) of bulk
metal were taken from different sources, from Ref. [38] for
Al, from Ref. [39] for K, Li, Na, and Be, from Ref. [40] for
Mg and In, and from Ref. [41] for Ga. The spectra εmic
2 ðν 3D Þ
and εmic
ð
ν
Þ
calculated
for
Li,
Na,
and
K,
as
well
as
for Al,
1D
2
Be and Mg, are shown in Figs. 1 and 2, respectively. The
frequencies of the absorption maxima of these spectra are
summarized in Table 1.
From Table 1, the frequencies of the maxima of the εmic
2
ðν 3D Þ spectra (column VI), corresponding to the absorption of
micro-regions of a metal with dimensions d << λ, are observed near the Fröhlich frequency, νF, at Reε(νF) = − 2, the
value of which, estimated from the experimental spectrum
ε2(ν), is given in column XII. They also correlate well with
the absorption frequencies of the corresponding spherical
nanoparticles with a radius of ~ 2–20 nm, calculated in this
work, using a simplified Mie formula [5], column X, and
using more advanced calculations and some experimental data
from Refs. [42–44], presented in column XI. At the same time,

Fig. 2 Calculated spectra εmic
2 ðν Þ for 3D confinement (blue line) and for 1D confinement (red line) for a Be, b Mg, c Ga, and d In

II

1.02

1.06

1.06

1.11

1.02

1.01

1.0

1.0

I

Li

Na

K

Al

Be

Mg

Ga

In

11.49

15.30

8.60

24.2

18.06

1.40

2.65

4.70

III

Nе × 1022
cm−3 [23]

11.4

13.75

10.5

18.50

15.0

3.72

5.72

7.12

hωp, eV
IV

91,947

110,901

84,688

149,213

120,983

30,004

46,135

57,427

νp, cm−1
V

Plasma frequency, experiment [45–47]

60,370

67,670

50,853

83,962

72,140

18,470

26,576

28,753

ν(3D), cm−1
VI

92,230

113,320

86,584

145,990

121,300

31,213

47,749

56,378

ν(1D), cm−1
VII

bulk
Spectra, Eq. (8) εmic
2 ðν Þ ¼ ε2 ðν Þθm ðν Þ

*These data obtained from Eq. (13) by using value ν(3D) (from column VI) instead of ν0

ε∞

Metal

56,270

62,624

52,326

78,806

71,890

19,458

26,908

30,023

97,458
104,564*

108,470
117,218*

90,330
87,789*

135,600
144,473*

120,336
120,750*

33,060
31,382*

45,718
45,154*

51,660
49,475*

60,653

67,186

50,813

85,090

71,541

18,470

26,616

29,440

62,910
[44]

63,315
[44]

46,780
[43]

80,252
[43]

69,930
[42]

180,018
[42]

25,840
[42]

24,937
[42]

Other data
νS, cm−1
XI

Mie theory
νS, cm−1
X

Eq. (12)
ν0, cm−1
VIII

Eq. (13)
νLO, cm−1
IX

Frequency of spherical NPs

Calculated value

59,685

66,944

50,813

79,849

71,783

18,550

26,616

28,230

cm−1
XII

νF, at Reε(νF) = − 2

Table 1 The values of the frequencies of the maxima of the spectra of the dielectric losses of simple metals obtained on the basis of taking into account the spectral differences of the local and average
electromagnetic fields under the conditions of three-dimensional (3D) and one-dimensional (1D) confinement using Eqs. (6), (7), and (8), and also calculated on the basis of the dynamic theory of crystal
vibrations

1448
Plasmonics (2019) 14:1443–1451

Plasmonics (2019) 14:1443–1451

the frequencies of the maxima of spectra εmic
2 ðν 3D Þ corresponding to three-dimensional confinement, ν(3D), agree well
with calculations of the intrinsic frequency ν0 from the theory
of dipole-dipole interactions, using Eq. (12), and listed in column VIII.
As one would expect, the frequencies of the spectra corresponding to one-dimensional confinement εmic
2 ðν 1D Þ at which
Reε(ν) = 0 are close to the plasma frequencies of the corresponding metals observed experimentally by electron energy
loss spectroscopy (EELS) [45–47] and listed in column IV of
Table 1. Also, the frequencies of the spectra εmic
2 ðν 1D Þ corresponding to the conditions required for the manifestation of
the absorption bands of longitudinal oscillations of free electrons, ν(1D), coincide with the frequency of the longitudinal
mode νLO estimated from the dynamic theory of the lattice
vibrations (Eq. (13)) with an accuracy of 1–3% (compare
columns VII and IX in Table 1).
These results indicate that resonance absorption at the longitudinal vibration frequency can be observed in a thin metal
layer with a thickness h << λ, when the effect of medium
polarization in the direction of oscillation is absent. This conclusion agrees with results [48] where it is shown that the
appearance of absorption at the oscillation frequency LO is a
consequence of the conditions existing in a thin dielectric film
at an oblique incidence of the probing radiation. For metals,
this corresponds to Ferrel’s modes, theoretically predicted in
[49] and can be observed in optical experiments using spectroscopic ellipsometry [50] as well as transmission and reflection [51–53] techniques carried out at an oblique incidence of
light in a thin film. In particular, the minimum in transmission
spectra obtained at the oblique incidence of p-polarized light
was observed in Ref. [53] for thin films of Na and K at 218 nm
(5.7 eV) and at 326 nm (3.8 eV), respectively. In addition to
that, the experimental data on optical measurements in the
range of plasma frequency were also reported in early work
of Ives and Briggs[54] for Na and K, using a photoelectron
emission from thin alkali metal films. The obtained results
demonstrate a peak position at 5.9 eV and at 3.65 eV for Na
and K respectively, which are in good agreement with experimental data on EELS, cited above transmission measurements and our calculations for ν(1D) shown in Table 1.
In conclusion, we would like to note that a set of simple metals was selected here for investigation in order to
avoid discussion of the effect of interband transitions on
the peak position of the spectrum εmic
2 ðν 1D Þ in particular.
In the case of simple metals, the interband transitions are
located far apart of free electron oscillation and do not
affect the shape and the peak position of the spectrum of
longitudinal phonons (or the bulk plasma peak ωp) as can
be seen from Figs. 1 and 2 and Table 1. However, the
effect of closely located interband transitions on the position of plasma peak is significant in the case of the noble
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metals. For example, for silver and gold the ωp in accordance with simple Drude calculations, using the equation
ω p = (e 2 N e /ε 0 m c ) 1 / 2 , must appear at around 9 eV.
However, the LO mode was observed in Refs. [52, 55]
in p-polarized reflection and transmission spectra, measured at oblique incidence angle from thin silver films,
at ~ 3.8 eV. Our calculation of the spectrum εmic
2 ðν 1D Þ
for Ag, using data on optical constants from Ref. [56],
show the peak position at 3.78 eV in good correspondence
with the experimental data of Refs. [52, 55]. In gold, ε2(ν)
is comparatively large in the region of ωp and the LO
mode is strongly damped and practically could not be
seen in optical experiments [50]. It is also not pronouncedly visible in our calculated spectra εmic
2 ðν 1D Þ for
gold.

Conclusion
The effect of dipole-dipole interactions of free electrons was
analyzed using Drude theory and the model of the Lorentz
local field for a number of simple metals. The optical constant
of the bulk metal was used to account for the dispersion of the
local field under conditions of one-dimensional (1D) and
three-dimensional (3D) confinement. The latter, expressed as
a function ε2mic(ν3D), corresponds to the spectra of the dielectric loss of small spherical particles with a diameter, d, much
smaller than the wavelength of the probing radiation (d << λ)
and demonstrates excellent agreement with the results of Mie
theory and experimental data. The former, expressed as
ε 2mic (ν1D ), allows the determination of spectral microcharacteristics in the frequency region of the longitudinal collective motion of the free electrons, which corresponds to the
spectra of dielectric losses of bulk plasma oscillations. To
demonstrate the effect of dipole-dipole interactions for 1D
confinement more clearly, we selected a number of simple
metals, viz., Li, Na, K, Al, Be, Mg, Ga, and In, with interband
transitions separated widely from the plasma frequency, ωp.
The peak position of the ε2mic(ν1D) spectrum for simple metals
is in good agreement with experimental results from energy
loss spectroscopy and data from optical and electro-optical
experiments.
For silver, in which interband transitions overlap the bulk
plasma oscillations, the peak position of the calculated
ε2mic(ν1D) spectrum is in good agreement with experimental
data from transmission and reflection measurements from thin
Ag films at an oblique incidence of light.
To summarize, optical polarization and dipole-dipole interactions create spectral differences between the local and average electromagnetic fields, both in dielectrics and metals. Our
results show that taking into account the differences in the
dispersion of the average macroscopic and Lorentzian local
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fields under one-dimensional confinement makes it possible
to determine the dielectric loss spectra of simple metals in the
frequency range of longitudinal vibrations of free electrons,
the maxima of which correspond to their bulk plasma oscillations. Note that in the case under consideration, the Lorentz
local field plays the role of an electrodynamic equivalent. It
accounts for dipole-dipole interactions of the microscopic
metal region (d << λ) with its polarized environment, including the influence of the entire electron cloud. It also includes
the effect of interband transitions and the positively charged
crystal lattice background.
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